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which can be systematically tuned to show either positive, negative or essentially zero thermal expansion over a broad temperature range of ~2-800 K [1] . In order for ceramic bodies based on SnMo 2 O 8 to find application, the behaviour of the material as a function of temperature, pressure and time must be understood. The phase regions of SnMo 2 O 8 have therefore been mapped out at temperatures from 298 to 513 K and pressures from ambient up to 310 MPa, and the conditions under which the α, γ, γ' and β phases are kinetically stable have been determined. The bulk modulus of each phase and the pressuredependence of their thermal expansion is reported. We find that β-SnMo 2 O 8 shows the unusual property of "warm hardening" whereby its bulk modulus or stiffness increases with temperature -this is the opposite behaviour to most known materials [2] [3] [4] [5] .
The cubic AM 2 O 8 family of materials (A = Zr, Hf; M = Mo, W) is well known for displaying strong, reversible and isotropic negative thermal expansion (NTE) [6] [7] [8] [9] . ZrW 2 O 8 , for example, contracts from 2 to 1070 K with a linear expansion coefficient of α l = -9×10 -6 K -1 (0-350 K) [10] . To understand the various contributions to the thermal contraction of this family, it is worth considering the thermodynamic relationship between the volumetric thermal expansion coefficient, , and the bulk modulus ( = 1 compressibility ⁄ = − ( ⁄ ) ):
For a stable material is a positive quantity, which implies a direct relationship between the sign of and whether entropy increases or decreases with volume. If we consider the role of phonons, their effect on thermal expansion is usually described via the Grüneisen parameter = − ln ln ⁄ which captures how the frequency of a mode ( ) depends on volume (V), and can be related to thermal expansion via the relationship = ⁄ , where γ is the mean Grüneisen parameter of the material (typically around 1) and its heat capacity at constant volume [2, 11] . The relationship to entropy arises as mean squared atomic displacements are proportional to 1 2 ⁄ such that for a negative-Grüneisen-parameter mode, decreasing volume will lead to decreasing , larger atomic displacements and increased entropy. In fact, can be related to entropy via the expression = � � , which emphasizes the link between the signs of , � � and (via equation 1) .
In the simplest local picture of AM 2 showing a strong dependence on thermal history. The behaviour is summarised in Figure   1d . On heating, a "normal" room temperature cubic sample -the α phase -shows positive expansion and undergoes a phase transition to a high temperature β phase (isostructural with β-ZrW 2 O 8 and, by analogy, likely to be dynamically disordered [36] ) at around 330 K. If the sample is cooled at "normal" rates (minutes to hours to cool from 400 K to room temperature) this transition is reversible. Quenching the sample from T > 400 K produces a metastable cubic form -the α' phase -whose cell parameter and therefore structure . Once formed, the lower-volume γ phase is stable indefinitely at room temperature but, reverts to the cubic β phase on heating to ~440 K. The room temperature α phase is best viewed as a trapped or glassy structure that may evolve to an ordered γ phase over infinite time.
In this paper, we report the pressure dependence of the phase stability regions of SnMo 2 O 8 samples prepared by two different synthetic routes. One route follows that described by Buiten [35] in which SnCl 4(g) is reacted with MoO 3(s) in a flowing oxygen stream -the gassolid route; the second is viα heat treatment of an amorphous precursor, as described by
. Variable (P,T) X-ray diffraction studies are reported for samples prepared initially in the cubic α phase by both methods and on a sample prepared by the gas-solid route then converted to the rhombohedral γ phase. is possible to convert to a rhombohedral γ phase. The α' phase can be formed by quenching from high temperature. α, α' and γ' phases evolve slowly over time. with a crystalline internal standard show the amorphous content of these samples to be <5 %. A sample of α phase material, which had been prepared by the gas-solid route, was converted to the γ phase by heating at 390 K for 32 h.
Experimental section

Samples investigated
Experimental setup and data collection
Variable temperature and pressure powder X-ray diffraction data were collected at beamline 11-ID-B (58.65 keV, 0.2114 Å x-rays) of the Advanced Photon Source (APS), Argonne National Laboratory. The samples were mixed with silicone oil and loaded into Kapton capillaries. The sample environment used to access the pressures and temperatures has been previously described [37] .
The phase behaviour of samples synthesised using both methods were explored between 298 and 513 K at pressures from 52 to 310 MPa. Each sample was heated to a set temperature and datasets recorded on compression at 103, 207 and 310 MPa then decompression at 259, 155, 52 MPa. The different T intervals investigated in each experiment are specified in Figure 5a -d. For the gas-solid route, the phase behaviour of samples initially in the α phase (experiment 1) and γ phase (experiment 2) were investigated, whilst for the precursor route sample, the phase behaviour of the α phase (experiments 4 and 5) and the kinetics of the β→γ transition were explored (at 422 K and 310 MPa for 6.5 h, experiment 3).
Rietveld refinement
To allow systematic Rietveld analyses of all the data, a single model was used to fit datasets containing either the cubic or rhombohedral phases. A rhombohedral description of the γ structure in space group 3 R was used with cell parameters of α ~12.60 Å and α ~60.0°. To allow either cubic or rhombohedral phases to be described, α was allowed to refine between 59.3 and 60.0°.
To describe the different ordering of the Mo 2 O 8 groups in the cubic and gamma structures, a fractional site occupancy was refined for the tetrahedral pairs. We discuss the sensitivity of this parameter to the experimental data in section 3.1. To account for the peak broadening arising from compression and decompression, a single Lorentzian strain parameter was convoluted with an empirical pseudo-Voigt instrumental profile peak shape determined using a CaF 2 standard. A small region (2θ ≈ 9.45 to 9.65°) containing parasitic scattering from the pressure vessel was excluded from the analyses. 12 terms of a Chebyshev polynomial were used to model the background, one scale factor and one isotropic atomic displacement for all atoms were refined. For the structural model, one lattice parameter and one cell angle were refined in addition to 56 atomic coordinates. To make sure polyhedral connectivity was maintained without major distortions, polyhedral restraints were applied on bond distances and angles of the SnO 6 octahedra and MoO 4 tetrahedra. With the relatively low resolution of this experimental set up it is possible to extract high quality information on the phases present under any conditions, but detailed structural information is not available. Atomic coordinates used in the fits are given in the supplementary information together with tables of refined cell parameters under the different experimental conditions (Tables S1-S5 ). All
Rietveld analyses were performed with the Topas Academic software [38, 39] . This model gave a stable refinement and excellent fit for most datasets. There were no significant changes in Rietveld scale factors to indicate significant amorphisation. A small number of datasets close to phase boundaries showed the presence of two phases. These were analysed with a two phase model and are discussed in section 3.2. As there is a smooth evolution from cubic disordered Mo 2 O 8 phases towards fully ordered γ- 
Results and discussion
Rietveld refinement and
Intermediate phase: the partial ordering of the gamma structure
Early experiments suggested that the β→γ phase transition was kinetically sluggish under some conditions. This was investigated by holding the temperature and pressure of a β phase sample at 422 K and 310 MPa for ~6.5 h. Figure 4a shows the variation of the rhombohedral lattice parameter and cell angle with time, and Figure 4b shows the equivalent data using the hexagonal cell setting. It is clear from these plots that the structure evolves over the 6.5 h of the experiment. In Figure 3b , the points for experiment 3 (black) show a fractional occupancy of ~0.9 instead of ~0.94, suggesting that the ordering is not fully complete even after 6.5 h. The dependence of the fractional occupancy on time for experiment 3 (see SI, Fig. S2 ) also shows that the ordering continues to evolve, although at a much slower rate, after ~3.5 h. 
Phase behaviour and entropy changes: experiments 1, 2, 4, 5
The phase evolution observed in each experiment is summarised in Figure 5 , where red squares indicate the presence of a cubic phase (α at low T, β at high T), green diamonds represent the partially γ' (light green) or fully ordered (dark green) γ phases, and orange triangles two-phase samples. From these plots, a number of general conclusions about phase stability can be made.
As might be expected from the sluggish nature of the cubic to rhombohedral phase transition, there is some hysteresis in the phase compositions of Figure 5 . In particular, the sequence in which isothermal measurements were recorded (compression to 103, 207, 310
MPa followed by decompression to 259, 155, 52 MPa) and the positive slope of the γ→β boundary means that γ phase formed at high P may be retained on decompression. It also leads to slight differences in phase composition on cooling relative to heating. Given this dependence on sample history, the compositions reported in Figure 5a -d are reasonable.
It is also clear from Figure 5 that there are some differences between samples prepared by gas-solid and precursor routes. In general, the degree of ordering in γ'/γ phases is significantly lower for precursor samples and two phase behaviour is more likely. This tendency can also be appreciated from Figure 3b 
Thermal expansion behaviour and thermoelastic properties
From the unit cell parameters extracted from the diffraction data of experiments 1 to 5 we can take isothermal cuts to extract the temperature dependence of the bulk modulus or isobaric cuts to derive the pressure dependence of thermal expansion: = − � � and
In fact, these two quantities are directly related by the expression [2, 41] : respectively). Whilst we cannot be definitive, it seems likely that this is related to the slight differences in the γ to β phase boundary and slightly different partial ordering of MoO 4 groups (see below). We have also calculated compressibilites along the α and c axes in the hexagonal cell setting for the γ phase (shown in SI, Fig. S4a-c) . Whilst the c axis remains unchanged, the compressibility of the α axis increases with temperature, and at high T, it is almost twice that of the c axis.
The bulk modulus of the γ' phase in the precursor route samples (Figure 6b ) is significantly lower than the γ phase (Figure 6a ). This is caused by the different kinetics of the phase transition in the materials. For precursor-derived samples a significant component of the compressibility is associated with the negative ∆V order of the cubic to rhombohedral orientational-ordering phase transition that is induced by pressure. Interestingly the bulk modulus of these phases is essentially an extrapolation of the behaviour of the α phase suggesting (as in Figure 3 ) that the γ' phase can be viewed as an evolution pathway between the α and γ phases. 180° on either reduction of temperature or increase of pressure [5, 46] performed to date [9] . As such its bulk modulus shows only minor pressure dependence [42] .
Given the similarity between the thermoelastic properties and the fact that SnMo 2 O 8 shows positive expansion at all temperatures, the origin of warm hardening is unlikely to be caused by the high anharmonicity mechanism proposed by Dove [2] . The most likely explanation is that it is related to the volume dependence of the order-disorder transition. At the lowest temperatures in the stability field of the disordered β phase, compression will lead to partial ordering of 2×MoO 4 tetrahedral pairs with the accompanying volume reduction giving an additional component to the compressibility. The tendency to local order will be reduced at higher temperatures due to the increased T∆S term, leading to a stiffening of the material.
Values of the thermal expansion coefficient (α V ) as a function of pressure, are plotted for each phase in Figure 7 . Given the limited stability field of some phases the uncertainties associated with these values are relatively large. We also observe some "zig- 
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